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EFFECTS OF UNCERTAINTIES I N  THE THERMAL CONDUCTIVITY 

OF A I R  ON CONVECTIVE HEAT TRANSFER FOR STAGNATION 

TEMPERATURE up TO 30,000° K 

By John T. Howe and Yvonne S. Sheaffer 

Ames Research Center 
Moffett Field,  C a l i f .  

SUMMARY 

Convective heat  t r a n s f e r  i s  examined f o r  e a r t h  en t ry  speeds up t o  
85,000 f t / s e c  corresponding t o  a stagnation region temperature of approxi- 
mately 3O,0OO0 K. 
conductivity of air  a t  temperatures above 15,000° K. The e f f e c t  of t h i s  
uncertainty on convective heat t r ans fe r  i s  s tudied.  Correlation formulas f o r  
the  thermodynamic and t ranspor t  property parameters used i n  the  analysis  a re  
presented as  functions of enthalpy f o r  pressure l e v e l s  0.1, 1.0,  and 10 atmos- 
pheres. These include density,  temperature, and parameters involving viscos- 
i t y ,  Prandtl  number ( f o r  three models of t o t a l  thermal conduct ivi ty) ,  and the  
Planck mean m a s s  absorption coef f ic ien t  f o r  gaseous rad ia t ion .  
cor re la t ions  a re  presented i n  a f o r m  usefu l  f o r  d i g i t a l  computer programs. 

There i s  considerable uncertainty i n  the t o t a l  thermal 

These property 

INTRODUCTION 

To make meaningful predict ions of convective heat t r ans fe r  during en t ry  
i n t o  planetary atmospheres it i s  necessary t o  know both the  thermodynamic and 
t ransport  propert ies  of the react ing mixture of atmosphere and ab la t ion  gases 
a t  the  high temperatures i n  the  t h i n  gas cap ahead of an en t ry  vehicle .  The 
t o t a l  thermal conductivity i s  of pa r t i cu la r  i n t e r e s t .  This t ranspor t  property 
includes e f f e c t s  of a multitude of phenomena: ordinary t r ans l a t iona l  energy 
t ransport ,  multicomponent d i f fus ion  of energy, thermal d i f fus ion  e f f e c t s ,  
chemical react ions,  and f o r  ionized gases, charge separat ion.  

For a i r  i n  chemical equilibrium uncontaminated by ab la t ion  vapors, the  
t o t a l  thermal conductivity i s  known qui te  well up t o  temperatures of 10,OOOo K 
and f a i r l y  well up t o  15,000° K. 
stagnation region convective heating f o r  manned en t ry  t r a j e c t o r i e s  a t  speeds 
up t o  about 5O,OOO f t / s e c .  
predict ions f o r  optimum conical en t ry  body configurations a t  speeds up t o  
about 90,000 f t / s e c  and w a s  so employed i n  reference 1. 

T h i s  knowledge i s  s u f f i c i e n t  f o r  predict ing 

It i s  s u f f i c i e n t  f o r  s ide  wall convective heating 

O f  course, conical en t ry  configurations w i l l  have a blunted s tagnat ion 
region because of thermal erosion of t he  cone point .  I n  the  s tagnat ion 



region, the temperature w i l l  be 30,000° K f o r  f l i g h t  speeds between 75,000 
and 85,000 f t / s e c  a t  shock layer  pressure l e v e l s  of 10 and 1 atmospheres as 
shown i n  f igure  1. 

The t o t a l  thermal conductivity of a i r  a t  these temperatures i s  not well 
known. Some uncertaint ies  i n  the ex is t ing  t h e o r e t i c a l  estimates of t h i s  prop- 
e r t y  are a t t r i b u t a b l e  t o  def ic iencies  i n  knowledge of phenomena important t o  
energy t ransport  and of the mathematical methods used f o r  estimating the prop- 
e r t y .  Some of these d i f f i c u l t i e s  are  discussed i n  reference 2.  

Thus the purpose of t h i s  paper i s  t o  evaluate the importance of the 
uncertainty i n  t o t a l  thermal conductivity on convective heat t r a n s f e r .  
t h i s  end, three models of t o t a l  thermal conductivity a re  employed i n  solving 
the Navier-Stokes equations i n  the stagnation region of blunt bodies. Corre- 
l a t i o n  formulas f o r  the appropriate thermodynamic and t ransport  property 
parameters used i n  the analysis  a r e  presented i n  the appendix i n  the same 
format as t h a t  of reference 3.  

To 

SYMBOLS 

a~b,c,d,el,) coef f ic ien ts  i n  equation (u) 
7 %  , . . .  

s p e c i f i c  heat a t  constant pressure cP 

h 

j 

K 

k 

m 

Pr 

function defined by , y = l ,  293, * - - 
dimensionless stream function 

r a t i o  of l o c a l  t o t a l  enthalpy t o  t h a t  j u s t  behind the shock 
wave 

s t a t i c  enthalpy 

t o t a l  enthalpy 

Planck mean mass absorption coef f ic ien t  

t o t a l  thermal conductivity 

zero f o r  two-dimensional flow, uni ty  f o r  axisymmetric flow 

Prandt l  number based on t o t a l  s p e c i f i c  heat and thermal con- 
duc t iv i ty  

s t a t i c  pressure 

heating r a t e  a t  the surface 



R 

T 
- 
T 

t 

U 

U 

Y 

0% 

6 

E 

EW 

CL 

body nose radius  

tempe ratu-re 

r a t i o  of l o c a l  temperature t o  t h a t  just behind the  shock wave 

dummy o p t i c a l  depth 

f l i g h t  ve loc i ty  

component of l o c a l  flow ve loc i ty  p a r a l l e l  t o  the  body surface 

component of l o c a l  flow ve loc i ty  normal t o  the  body surface 

distance normal t o  body surface 

w a l l  absorp t iv i ty  

shock-wave standoff distance 

densi ty  r a t i o  across bow shock wave 

w a l l  emissivi ty  

coef f ic ien t  of v i scos i ty  

m a s s  densi ty  

Stefan-Boltzmann constant 

op t i ca l  depth measured outward from body surface 

densi ty  v i scos i ty  product parameter (eq. ( 5 ) )  

Superscripts 

d i f f e ren t i a t ion  with respect  t o  the  s i m i l a r i t y  coordinate normal 1 I 1  1 1 1  
9 9  

t o  the w a l l  

Subscripts 

convective 

gas 

reference conditions (corresponds t o  s a t e l l i t e  enthalpy) 

conditions immediately behind the  bow shock 
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w conditions a t  the  w a l l  

co ambient conditions ahead of shock wave 

ANALYSIS 

Flow F ie ld  

The method of analysis  of the flow f i e l d  has been described i n  d e t a i l  i n  
references 4 and 5. Very b r i e f l y  it cons is t s  i n  solving the transformed 
Navier-Stokes equations i n  the stagnation-region gas cap from the  body t o  the  
shock wave. These coupled nonlinear in tegro-d i f fe ren t ia l  equations include 
mass, momentum, and energy t ranspor t  phenomena, the  l a s t  of which i s  expressed 
i n  terms of the t o t a l  thermal conductivity of a reac t ing  p a r t i a l l y  ionized 
gas and the emission and absorption of rad ian t  energy i n  the gas cap and a t  
the  surface.  

Assumptions employed i n  the analysis  include: (I) The gas composition 
i s  t h a t  of l o c a l  chemical equilibrium; ( 2 )  l o c a l  s imi l a r i t y  preva i l s  i n  the  
stagnation region; (3 )  rad ia t ive  t ransport  i s  t h a t  of a plane p a r a l l e l  grey 
gas. These assumptions are evaluated i n  the two references c i t ed  above. 
They appear t o  be qui te  reasonable and l ead  t o  results t h a t  are i n  de ta i led  
agreement with a number of kinds of results (e .g .  , shock detachment distance,  
f low-field s t ruc ture ,  rad ia t ive  and convective heat  t r ans fe r )  of other analy- 
ses i n  regions where they overlap. 

It i s  worth mentioning t h a t  the grey gas assumption used i n  conjunction 
with the Planck mean mass absorption coef f ic ien t  leads  t o  the  iden t i ca l  gase- 
ous rad ia t ive  flux, energy depletion, and coupling between rad ia t ive  and con- 
vective heat t r ans fe r  t h a t  a spec t ra l  analysis  f o r  a nongrey gas would produce 
as long as gaseous reabsorption i s  negl igible .  For the  examples considered, 
reabsorption i s  not severe and w e  can be reasonably confident of the resul t .  

Very b r i e f ly ,  the  transformed f low-field equations t o  be solved are 

and 
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The energy equation (2)  d i f f e r s  f r o m t h a t  i n  references 4 and 5 i n  a 
minor way; t h a t  is, the  terms i n  the  second brackets take i n t o  account the  
e f f e c t  of a p a r t i a l l y  r e f l e c t i n g  w a l l  (and reduce t o  the form i n  the  r e f e r -  
ences if 1 cW = uw = 1). 

Boundary conditions f o r  equations (1) and (2) are  

f w '  = 0 

I D T T  

f,' = 1 

and 

The method for solving equations (1) and (2 )  subject  t o  the  boundary 
One so lu t ion  requi res  conditions (3)and  ( 4 )  i s  presented i n  reference 4. 

roughly 5 minutes of IBM 7094 d i g i t a l  computer time. 

'The r i g h t  s ide  of equation (2 )  can be evaluated i f  the  
replaced by M s t r a i g h t  l i n e  segments i n  equal i n t e rva l s  (At  = t s / M )  of t 
and the r e s u l t  i s  integrated,  leading t o  

r4(t) curve i s  

Each of t he  braces can be evaluated by methods presented i n  appendix A of 
reference 4.  
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The thermodynamic and t ranspor t  property parameters needed f o r  solving 
the  equations a r e  l / p ,  K, 

and 

- T  T = -  
TS 

Correlat ion formulas used i n  the  ana lys i s  f o r  expressing p, K, T, pp, and 
pp/Pr as functions of enthalpy a t  constant pressure a re  presented i n  the 
appendix. 

I n  equation (6), the  Prandt l  number 

cPIJ- Pr  = - k 

( 7 )  

contains the t o t a l  thermal conductivity k. It i s  the  e f f e c t s  of the  uncer- 
t a i n t y  i n  
heat t r a n s f e r  t h a t  we seek. 

k on the  solut ions of equations (1) and (2)  and thus on convective 

Total  Thermal Conductivity 

The t o t a l  thermal conductivity f o r  a i r  i s  well  known through temperatures 
where d issoc ia t ion  i s  completed (approximately 10,OOOo K - f i g .  1). 
a t  higher temperatures, where ionizat ion occurs, there  i s  considerable d i s -  
agreement i n  t o t a l  thermal conductivity among the  various s tud ies .  
shows t h a t  a t  15,000° K, the  t o t a l  thermal conductivity a t  a pressure of 1 
atmosphere predicted by Hansen ( r e f .  6)  i s  almost six times t h a t  predicted by 
Yos ( r e f .  7) and i s  only  about half  t h a t  obtained experimentally by Maecker 
( r e f .  8) i n  ni t rogen.  I n  s p i t e  of the  f a c t  t h a t  t h i s  e a r l y  r e s u l t  of Hansen 
did lnot include the  very important e f f e c t s  of charge exchange, it has i n  i t s  
favor reasonable agreement with the Maecker a r c  data  (at  temperatures up t o  
14,500° K) and the  f a c t  t h a t  it leads  t o  predict ions of convective heat t r ans -  
f e r  t h a t  agree f a i r l y  well  with experimental r e s u l t s  ( r e f .  9 ) .  
experimental r e s u l t s  of Michel Chen2 of Yale Universi ty  agree with those of 
Maecker (within experimental e r r o r )  a t  temperatures up t o  14,000° K. 
analyzed h i s  a r c  data  i n  a way d i f f e ren t  from t h a t  of Maecker, avoiding the  
uncer ta in t ies  and d i f f i c u l t i e s  associated with spectroscopic analysis  of non- 
uniform gas samples. The more recent  t heo re t i ca l  r e s u l t  of Yos i s  on a firmer 
phenomenological bas i s  than t h a t  of Hansen i n  t h a t  it does account f o r  e f f e c t s  
of charge exchange i n  the  reac t ive  component of t o t a l  thermal conductivity.  

21n a pr iva te  communication. 

However, 

Figure 2 

Moreover, 

Chen 
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However, the s t i l l  more recent  work of Knof, Mason, and Vanderslice ( r e f .  10) 
show charge exchange cross sect ions t h a t  a r e  only about l/3 those of Delgarno 
( r e f .  11) on which YOS' estimates were based. These new cross-sect ion e s t i -  
mates agree well with recent  experimental r e s u l t s  of Stebbings, according t o  
reference 10. The implication i s  t h a t  YOS'  est imate of t o t a l  thermal con- 
duc t iv i ty  may be too low; spec i f i ca l ly ,  the  reac t ive  component may be too low 
by a f a c t o r  of 3.  It may a l so  be t o o  low because of other  e f f e c t s ,  such as 
the  neglect of higher order terms, charge separation, and thermal d i f fus ion .  
For example , the  second-order Chapman-Enskog analysis  by Ahtye ( r e f .  2)  leads 
t o  a t r ans l a t iona l  thermal conductivity t h a t  i s  l a r g e r  than t h a t  of the f i r s t -  
order approximation by 30 t o  50 percent a t  half  and f u l l  s ing le  ionizat ion,  
respect ively,  and 100 percent a t  double ionizat ion.  Moreover, because the 
e f f e c t s  of charge separat ion on concentration gradients  of ions and electrons 
are s t i l l  unknown, the  other  two components ( reac t ive  and thermal d i f fus ive )  
of thermal conductivity have ye t  t o  be estimated meaningfully. 

Thus t o t a l  thermal conductivity a t  temperatures above 10,OOOo K i s  some- 
what uncertain and above 15,000° K i s  very uncertain.  To the  knowledge of 
t he  authors,  there  e x i s t  ne i ther  experimental values f o r  t o t a l  thermal con- 
duc t iv i ty  nor convective hea t - t ransfer  r e s u l t s  which may be used t o  v e r i f y  
theo re t i ca l  t o t a l  thermal conductivity estimates a t  temperatures above 
15,000~ K. 

I n  order t o  examine the e f f e c t s  of these uncer ta in t ies  a t  high tempera- 
t u re s  on convective heat  t r ans fe r ,  we employ three  models of t o t a l  thermal 
conductivity designated by Roman numerals I, 11, I11 i n  f igu re  2. The f i rs t  
of these (I) i s  t h a t  of Yos shown by the  bottom curve i n  the f igu re .  The sec- 
ond (11) w a s  obtained by r a i s i n g  the high temperature end of the  Yos estimates 
by roughly an order of magnitude ( ac tua l ly  a f a c t o r  of about 8 a t  l5,OOOO K, 
a f ac to r  of 10 or more from 16,000~ t o  24,OOOO K, and about 9 at' 30,000° K) 
and i s  shown by the top curve. This curve represents an a r b i t r a r y  increase o f  
t he  Yos r e s u l t  and i s  not a phenomenological upper l i m i t .  It agrees with both 
the Maecker data  and Hansen's r e s u l t s  reasonably well  a t  temperatures up t o  
14,500° K. 
r e s u l t  f a i r e d  i n t o  the  Y o s  r e s u l t .  It i s  the  intermediate curve, which w a s  
obtained by modifying the  reac t ive  p a r t  of the Yos r e s u l t  i n  the  s ing le  ion i -  
za t ion  regime by use of e l a s t i c  cross sect ions of nitrogen r a the r  than charge 
exchange cross sect ions,  simply t o  provide a prominent peak i n  the s ing le  ion- 
i za t ion  region. The convective heating r e s u l t s  corresponding t o  these three 
t o t a l  thermal conductivity models w i l l  a l so  be ident i f ied by the Roman numerals. 

The t h i r d  model (111) may be thought of  loose ly  as  the Hansen 

RESULTS AND DISCUSSION 

Convective H e a t  Transfer 

The stagnation region convective heating r e s u l t s  obtained from flow- 
f i e l d  solut ions employing the  three  models of t o t a l  thermal conductivity are 
shown i n  f igu re  3. 
condition (3) i s  zero) .  

All r e s u l t s  exclude mass addi t ion e f f e c t s  ( fw i n  boundary 
They correspond t o  Reynolds numbers (defined as 



psR&/ps) of approximately lo5  so t h a t  v o r t i c i t y  near the  shock probably 

does not s i g n i f i c a n t l y  influence convective heating r a t e s  a t  the  w a l l .  Radi- 
a t i v e  deplet ion of f low-f ie ld  energy w a s  small (because s m a l l  nose r a d i i ,  
from 0.25 t o  0.5 f t ,  and r e l a t i v e l y  low rad ia t ive  proper t ies  were used - see 
appendix) and had a negl ig ib le  e f f ec t  on convective heat t r a n s f e r .  
of 70,000 f t / s e c ,  t he  highest  model of t o t a l  thermal conductivity (11) leads  
t o  a convective heat ing r a t e  which exceeds t h a t  of t he  lowest model (I) by a 
f a c t o r  1.75, while a t  85,000 f t / s e c ,  the  f a c t o r  i s  approximately 2. This i s  
i n  s p i t e  of a difference of an order of magnitude i n  the  t o t a l  thermal con- 
duc t iv i ty  models above 15,000° K. 

A t  a speed 

The convective heating result of reference 4 (without r ad ia t ive  cou- 
p l ing)  i s  shown f o r  f l i g h t  speed up t o  50,000 f t / s e c  by the  long-dash l i n e .  
If t h i s  l i n e  i s  simply extended t o  higher speed ( the  dot-dash l i n e ) ,  we see 
t h a t  the deviat ion from it a t  70,000 f t / s e c  i s  only 20 percent above and 
30 percent below f o r  t he  two extreme models, while a t  85,000 f t / s e c  the  devi- 
a t ion  i s  about 40 percent i n  each d i r ec t ion .  An extrapolat ion of t he  convec- 
t i v e  heating result of Hoshizaki ( r e f .  12) by use of h i s  convective heating 
cor re la t ion  formula l i e s  close t o  the  ex t rapola t ion  of reference 4. 

The reason f o r  t he  i n s e n s i t i v i t y  of convective heating r a t e  t o  l a rge  
changes i n  t o t a l  thermal conductivity a t  high temperatures i s  simple. For 
problems of p r a c t i c a l  i n t e r e s t ,  the  wall  temperature i s  low (about 3,000' K )  
r e l a t i v e  t o  t h a t  behind the  bow shock wave (about 30,000° K ) .  Thus a region 
of r e l a t i v e l y  cold gas e x i s t s  adjacent t o  the  w a l l .  
thermal conductivity i s  the same i n  a l l  cases.  The differences i n  the  t o t a l  
thermal conductivity models occur some dis tance away from the w a l l ,  i n  t h a t  
p a r t  of t he  flow f i e l d  where the  temperature exceeds 10,OOOo K. A change i n  
thermal conductivity i n  the  outer  region can only i n d i r e c t l y  a f f s c t  convective 
heating a t  the  surface by changing the over -a l l  enthalpy p r o f i l e  and thus 
modifying i t s  gradient  a t  the  surface.  I n  t h i s  way the  r e l a t i v e l y  cool l aye r  
adjacent t o  the  w a l l  a c t s  as a cushion t o  sof ten  the  influence of the  e f f e c t s  
i n  the outer  flow region on the w a l l  i t s e l f .  

I n  t h a t  region, t o t a l  

Flow Fie ld  

The f low-field p ro f i l e s  corresponding t o  the  three  models of t o t a l  
thermal conductivity f o r  f l i g h t  speed of 70,000 f t / s e c  a re  shown i n  f igures  
4, 5, and 6. 

It i s  seen t h a t  there  i s  l i t t l e  influence of the  uncertainty i n  thermal 
conductivity on the ve loc i ty  p r o f i l e .  This i s  t o  be expected i n  view of the 
general weak coupling of the momentum equation t o  the energy equation men- 
t ioned i n  reference 4.  
and a momentum boundary l aye r  of about 20 percent of t he  flow f i e l d  i s  c lear ly  
evident i n  the  u/us pro f i l e s .  

The Reynolds number (psR&/ps) i s  approximately lo5 
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On the  other  hand, a comparison of f igu res  4 and 5, which correspond t o  
the  extremes i n  thermal conductivity,  shows strong influence of the  uncer- 
t a i n t y  i n  t h e r m 1  conductivity on the  enthalpy p ro f i l e s  ( j / j s ) .  
a l ready been noted t h a t  r ad ia t ive  depletion of f low-field energy i s  small f o r  
these examples.) Thus f o r  the low thermal conductivity of Yos, 65 percent of 
the  flow f i e l d  i s  e s s e n t i a l l y  isoenerget ic  and a thermal boundary l aye r  of 
35 percent of the  flow f i e l d  i s  evident i n  the j / js  p r o f i l e  of f i gu re  4.  
By comparison, the  high thermal conductivity result of f i gu re  5 shows the  
flow f i e l d  t o  be nonisoenergetic everywhere, and the  thermal boundary l aye r  
i s  l e s s  sharply defined. 
f o r  the  differences i n  the  enthalpy p r o f i l e s  i s  a l so  shown i n  f igu res  4 and 5 .  

(It has 

The t ranspor t  property parameter, cp/Pr, responsible 

The e f f e c t s  of t o t a l  thermal conductivity on f low-field solut ions a t  
85,000 f t / s e c  can be seen by comparing f igu res  7 and 8, corresponding t o  the 
two extreme models (I and 11) of t o t a l  thermal conductivity. 
on the enthalpy p r o f i l e  a re  g rea t e r  than those at 7O,OOO f t / s e c ,  as would be 
expected, and it can be noted t h a t  even the r e l a t i v e l y  in sens i t i ve  ve loc i ty  
p ro f i l e s  are  a f fec ted .  

H e r e  the  e f f e c t s  

O f  course, the  uncertainty i n  t o t a l  thermal conductivity which a f f e c t s  
t he  energy s t ruc ture  of the  flow f i e l d  a l s o  influences the  gaseous r ad ia t ive  
f l u x  a t  the  surface,  30 percent f o r  both the  7O,OOO and 85,000 f t / s e c  examples 
(as calculated from f low-field so lu t ions ) .  

CONCLUSIONS 

Solutions of the  s tagnat ion region Navier-Stokes equations have been 
obtained f o r  f l i g h t  speeds up t o  85,000 f t / s e c  and shock-layer t'emperatures 
up t o  30,000° K. Convective hea t - t ransfer  r a t e s  have been derived from the  
so lu t ions .  

An uncertainty of a f a c t o r  of 10 i n  t o t a l  thermal conductivity of air  a t  
temperatures above l5,0OO0 K inf luences the  convective heating r a t e  by only a 
f a c t o r  of 1.75 a t  a f l i g h t  speed of 7O,OOO f t / s e c  and by a f a c t o r  of 2 a t  
85,000 f t / s e c .  
of a l aye r  of r e l a t i v e l y  cool gas adjacent t o  the  surface which cushions the  
e f f e c t s  of the  uncer ta in t ies  of the  behavior of the  hot gas f a r t h e r  from the  
w a l l .  

This i n s e n s i t i v i t y  of convective heating rate i s  a consequence 

The uncertainty i n  t o t a l  thermal conductivity influences the  energy 
s t ruc tu re  of the  hot p a r t  of t he  flow f i e l d .  Consequently, f o r  the  examples 
studied, the  gaseous r ad ia t ive  f l u x  a t  the  surface i s  influenced almost as 
importantly as the convective f lux .  

Apparently, it i s  important t o  improve our knowledge of t o t a l  thermal 
conductivity of p a r t i a l l y  ionized air  t o  within about a f a c t o r  of 2 a t  t e m -  
peratures  above 15,000° K from the  p r a c t i c a l  point  of view of convective and 
r ad ia t ive  heating of s tagnat ion regions.  Moreover, it i s  general ly  important 
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that a better understanding of the physical and chemical processes of 
partially ionized gas mixtures be acquired, and out of this an improved 
understanding of transport properties is bound to emerge. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., Oct. 27, 1964 
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APPENDIX A 

THERMODYNAMIC AND TRANSPORT PROPERTY CORRELATION FORMULAS 

FOR EQUILIBRIUM AIR FROM 3,000~ t p  30,000° K 

The quant i t ies  p, pp, pp/Pr, T, and K as functions of h a t  constant 
pressure a re  required f o r  solving the  d i f f e r e n t i a l  equations (1) and (2 ) .  
These propert ies ,  which we want t o  represent  by cor re la t ion  formulas, have 
been normalized with respect  t o  t h e i r  values (see t ab le  I) a t  a reference 
enthalpy 
or 12,474 Btu/lbm) and are shown as open symbols i n  f igu res  9 through 23. 

hr ( a r b i t r a r i l y  se lec ted  t o  be s a t e l l i t e  enthalpy 3 .125X108 f t2/sec2 

These quant i t ies  were obtained from information from a number of sources. 
The thermodynamic quan t i t i e s  T, p, and cp were obtained from Ahtye and Peng 
( r e f .  1 3 ) .  The v iscos i ty ,  p, and t o t a l  thermal conductivity,  k, were obtained 
from Yos ( r e f .  7 ) .  
extrapolat ing Yos' r e s u l t  i n  terms of the  log lo  of pressure using h i s  100, 10, 
and 1 atm r e s u l t s .  A t  1 a t m  pressure,  of course, two other  models of k were 
employed as  discussed previously.  The Planck mean mass absorption coef f i -  
c i en t ,  K, was obtained from two sources; Kivel and Bailey ( r e f .  14), and 
Armstrong, Sokoloff , Nicholls, Holland, and Meyerott ( r e f .  1.5). A t  tempera- 
t u re s  up t o  8,000' K ( f o r  which the  t w o  references a re  i n  subs t an t i a l  agree- 
ment), the  r e s u l t  of Kivel and Bailey w a s  used. 
8,000~ t o  30,000° K ( f o r  which Kivel and Bailey' a re  higher than Armstrong 
e t  a l .  by as much as  a f a c t o r  of 4 )  the  r e s u l t  of Armstrong e t  a l .  was used. 

The values f o r  p and k a t  0 .1  a t m  were obtained by 

For temperatures from 

Each property represented by the symbols was cor re la ted  a t  each of three 
pressure l e v e l s ,  0.1, 1 .0 ,  and 10 atmospheres,2 by the  general  expression 

f o r  temperatures between 3,000° and 30,000° K. The symbol z represents  the 
property i n  question normalized with respect  t o  i t s  value a t  reference 
enthalpy. The l i n e s  i n  f igu res  9 through 23 a re  the  r e s u l t  of the  correla-  
t i o n  formula ( A l ) ,  whose coe f f i c i en t s  a, b, c, d, e l ,  . . . , en a re  l i s t e d  
i n  t a b l e  11. It can be seen i n  the  t ab le  t h a t  some of the  curves have been 
broken i n t o  several  segments and t h a t  d i f f e ren t  coef f ic ien ts  apply t o  d i f f e r -  
en t  segments. 

. .  -~ . . .  

'The upper l i m i t  of t he  Kivel and Bailey r e s u l t  i s  18,000~ K. 
2At  1 atmosphere pressure,  there  a re  three s e t s  of cor re la t ion  formulas 

f o r  the  quant i ty  (pp/Pr)/(  prpr/Prr) corresponding t o  the  three  models of t o t a l  
thermal conductivity shown previously i n  f igure  2. 
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Equation (Al) includes two general types of curves. 
c i en t s  e3, . . . , en a re  zero, the  equation i s  t h a t  of a general  conic with 
inc l ined  axis. If c and d a re  zero, t he  equation i s  t h a t  of a polynomial 
of degree n. 

Thus i f  the  coef f i -  

Using t h i s  means of cor re la t ing  thermodynamic-and t ranspor t  p roper t ies  i s  
economical of computer time; t h a t  is, an e ighth  degree polynomial can be 
evaluated a t  10,000 points  i n  approximately one second by an IBM 7094 data  
processing machine. 
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TABU I.- F E E F E N C E  CONDITIONS 

hr, ft2/sec2 

pr ,  s l ugs / f t3  

prpr, 1b2sec3/ft6 

Kr, f t2 / s lug  

p = 0.1 a t m  

3.125~10~ 

6.271~10'~ 

2.47~10'~~ 

0.6958 

- 

6400 

p = 1 . 0  atm 

3.125~10~ 

5.7~10'~ 

2.47~10-~' 

1.008 

7200 

65 

~. . 

p = 10.0 a t m  

3.125~10~ 

5.185~10'~ 

2.47~10'~ 

0.9537 

8150 

300 



TBI8 11.- COFEELATION FORMlSLA COEFFICIENTS 

The- 
cad"c- 
t ivlty 

mD&l 

sign or 
b d mat or -1 e2 el e4 e5 ee e7 ea e9 e10 ell quad- 

atm (1) lower "ppr 2 . 8 t l C  

0.1 P 0.09 8.0 -1.0277498-1 -1.0 0 0 4.4888099 -1.124452n 1.4582273+1 -1.002074811 4.0639813 -1.024445 1.6136825-1 -1.5449581-2 8.W9969-r -1.85555884 

Rap- z . 3  h';:* 
e$ 1ew1,curw 

Pr - 
8.0 15.63 3.7673303+, -1.0 0 0 -2.8137Ur. 9.10503W2 -1.66517662, 1.88357561 -1.3497494 5.9851766-2 -1.5019381-3 1.6335417-s 

1.0 P .on 6.08 1.812W4-3 -1.0 0 0 2.4478014 -3.1665066 1.6041689 8.4249593.' -1.2801588 ~ 6.19~8853-1 ,,-1.5954459-' 2.3424577-2 -1.8545819-3 6.1622605-a 

1.0 P .on 4.0 -1.0530651-2 -1.0 0 

P 4.0 8.0 -6.2961954+2 -1.0 0 

P 8.0 12.19 - 9 . l W 1 6  -1.0 0 

10.0 P .09 8.69 -1.8822670-2 -1.0 0 

K .I C . O g  2.56 0 5.61961YI811 -3.17@3&1 

P 2.56 7.09 - 8 . & 7 7 6 6 ~  -1.0 0 

P 7.09 15.63 1.6865213+2 -1.0 0 

K 

1.0 c .on 2.0 0 4.027718M2 -1.68Ul4312 

6.08 12.19 1.2632851tr -1.0 

0 

0 

0 

0 

1.0 

0 

0 

1.0 

4.3967812 -8.Om498 7.3891817 -3.5151263 ~ 9.083419-1 -1.2160186-1 6.6302443-3 

8.3938254t2 -4.7185469+* 1.4535112fk -2.&@3369+~ ' 2.8547lB -1.6&3932-1 4.1979355-3 

4.5325Ul -6.6098617-1 4.93239m4 -1.8181281-1 2.6147644-3 

3.97115670 -6.7428781 5.9422495 -2.8562406 I 8.1102968-1 -1.11021619-1 1.451wW-' -3.2%5110-* 1 

-3 .733066~1 1.5541062tx 

1.192492811 -7.5674655ta 2.8358553+2 -6.9Wo565+1 l . l l20773t l  -1.1465310 6.8146568-2 -1.1647153-3 

-6.3832573+1 1 . 1 ~ 1 4 l 3 t l  -9.471409-1 4.0762839-2 .7.0)42901-. 

-1.9286413r2 -9.0168294+1 I P 2.0 6.0 -3.8898147+3 -1.0 0 0 0.08792%+~ -1.U39898t3 3.96m24+3 -L3683lBi+l 3.1910W7rZ -5.1009413+1 5.5314012 -3.9030489-1 1.6215491-2 -3.0167195-4 

P 6.0 12.19 4.0345103+3 -1.0 0 0 -3 672154%~ 1.4-2+3 -2.91616762 3.54378261 -2.5306483 9.8552916-2 -1.6177253-3 

10.0 C .037 3.0 0 2 . 3 2 1 3 4 3 r ~  -1.@62421+1 1.0 -2.30639691~ 1.4530446I 

It P 3.0 8.69 5 . 3 7 7 3 w 2  -1.0 0 0 -8.0959%2 5,09954912 -1.6961ffilrZ 3.2%l34461 ' -3.1225061 2.381713-3 -5.8158m4-3 

I 1.0 C ,124 12.19 1.0 -9.699573-2 -8.0122758-2 2.n32389-s -1.6291295-2 -1.5145274-= 

1.0 C ,124 4.45 1.0 i.u43997-% -1.6061748 -2.2601421-a 9 . 0 4 n 4 q - r  3.2725662-2 

c 4.45 6.5 0 1.95269t?& -3.5747017 1.0 -3.3U8345 5.6351265-1 
P 6.5 7.3 -1.68og13rr -1.0 0 0 1.8569795++ -7.2585814+to 1.3256021+3 -1.1588564t2 3.9299821 
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Figure 1.- Flight regime information. 
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Figure 2.- Total thermal conductivity of air at one atmosphere. 
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Figure 3 . -  Convective heating-rate resul ts ,  ps = 1 atm. 
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Figure 4 . -  Flow-field p ro f i l e s  f o r  t o t a l  thermal conductivity model I; 
U = 70,000 f t / s ec ,  R = 0.25 f t ,  ps = 1 a t m ,  T, = 3,000° K. 
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Figure 5 . -  Flow-field p ro f i l e s  f o r  t o t a l  thermal conductivity model 11; 
u = 70,000 f t / s ec ,  R = 0.25 f t ,  ps = 1 a t m ,  T, = 3,0000 K. 
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Figure 6.  - Flow-field p ro f i l e s  for t o t a l  thermal conductivity model 111; 
U = 70,000 f t / s ec ,  R = 0.25 f t ,  ps = 1 a t m ,  T, = 3,OOOO K. 
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Figure 7 . -  Flow-field p ro f i l e s  f o r  t o t a l  thermal conductivity model I; 
U = 85,000 f t / s ec ,  ps = 1 atm, R = 0.25 f t ,  Tw = 3,000° K. 
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Figure 8.- Flow-field p r o f i l e s  f o r  t o t a l  thermal conductivity model 11; 
U = 85,000 f t / s ec ,  ps = 1 a t m ,  R = 0.25 f t ,  .Tw = 3,000° K. 
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Figure 9.-  Density correlat ion,  p = 0.1  a t m .  



18 

16 

14 

12 

IO 

pr/p 

8 

6 

4 

0 2 4 6 8 IO 12 14 16 
h/h r 

Figure 10 . -  Density cor re la t ion ,  p = 1 a t m .  
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Figure 11.- Density cor re la t ion ,  p = 10 a t m .  
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Figure 12.- Density-viscosity correlation, p = 0.1 atm. 
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Figure 1.3.- Density-viscosity correlat ion,  p = 1 a t m .  
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Figure 14.- Density-viscosity correlation, p = 10 atm. 
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Figure 1.5.- Density-viscosity Prandtl  number correlat ion,  p = 0 . 1  a t m .  
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(a)  Model I. 

Figure 16.- Density-viscosity Prandtl  number correlat ion,  p = 1 a t m .  
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(b) Model 11. 

Figure 16. - Continued. 
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( e )  Model 111. 

Figure 16. - Concluded. 
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Figure 17.- Density-viscosity Prandtl  number correlat ion,  p = 10 a t m .  
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Figure 18. - Temperature correlat ion,  p = 0.1  atm. 
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Figure 19.-  Temperature correlat ion,  p = 1 .0  atm. 
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Figure 20.-  Temperature correlation, p = 10 atm. 
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Figure 21.- Planck mean mass absorption coef f ic ien t ,  p = 0 .1  a t m .  
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Figure 22.-  Planck mean mass absorption coeff ic ient ,  p = 1 . 0  a t m .  
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Figure 23.-  Planck mean mass absorption coeff ic ient ,  p = 10 a t m .  
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